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The optical properties of a one-dimensional photonic crystal based on porous alumina with a crystal lattice
constant of 460 nm were studied. The experimentally measured transmission spectrum of a one-dimensional
photonic crystal film was compared with the theoretical spectrum in the spectral regions corresponding to the
first, second, and third stop bands. The potential for using one-dimensional porous alumina photonic crystals as
selective narrow-band filters and sensors was analyzed. Embedding a Raman-active medium into the voids of
porous photonic crystal should provide an essential increase of spontaneous Raman scattering signal and low-

threshold stimulated Raman scattering. The amount of substance needed for recording Raman spectra may be

substantially decreased.

1. Introduction

At present, it is very important to create new types of optical filters
and sensors with controlled optical properties. In this connection, it is
of great interest to study photonic crystal (PhC) [1-4] media with
spatial variation of dielectric permittivity. One type of PhCs is the one-
dimensional (1D) PhC constructed from alternating layers with two
different refractive indices. In the reflection spectrum of such crystal,
there are spectral regions where strong reflection of electromagnetic
radiation from the surface of the crystal is observed. Such areas are
referred to as photonic bandgaps, or stop bands. The spectral positions
of the stop bands depend on the parameters of the PhC, i.e., the crystal
lattice constant and the values of the refractive indices. PhCs are used in
various applications [5-9].

One of the kinds of PhCs is a porous structure containing pores with
a size of tens of nanometers [4,10,11]. The optical properties of a
porous globular PhC constructed of close-packed silica globules (SiO-)
in the form of a face-centered cubic lattice have been previously studied
[12-15]. In recent years, a method for producing porous 1D PhCs by the
electrochemical etching of silicon and aluminum has been developed
[11,16-20]. As a result, PhC films of porous alumina (PA) were pro-
duced. The lattice constant of these PhCs depends on the etching regime
and can vary within the range of 100-500 nm. The aim of this paper is
to investigate the optical properties of 1D PhC films based on PA with
different pore fillings in order to control their transmission and Raman
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spectra.
2. Experimental procedure and experimental results

A thin multilayered film (20 um) of PA fabricated by the anodization
of a given area of the surface of aluminum plate was used as the sample
for the study. In the anodization process, a periodic current was passed
(Fig. 1) through the aluminum plate in an acidic solution. Pulse dura-
tions were approximately 200s for the maximum current with the
period of approximately 15 min. As a result, a periodical PA structure
(1D PA PhC) was formed. This structure consists of dielectric layers of
two kinds with different porosities and different average refractive in-
dices, as shown schematically in Fig. 2.

At the center of the sample, there is a PA PhC film with a thickness
of approximately 20 pm. This film is surrounded by an un-etched por-
tion of an aluminum plate with a thickness of approximately 300 pum,
which serves as a holder for a PA PhC. SEM images of the surface (a)
and the slice (b) of the PA PhC film are shown in Fig. 3. The inset in this
figure presents the photograph of the sample. The pores of the PA have
a size of 80-85nm (see Fig. 3a), and the lattice constant of PhC is
d =460 + 10nm (see Fig. 3b).

We recorded the transmission spectrum of the PA PhC with radia-
tion from a xenon lamp. Fig. 4 shows the measured transmission
spectrum T(A\) of the PA PhC under study in the wavelength range of
300-2000 nm at zero incidence angle.
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Fig. 1. Typical current-time dependence during the formation of the periodical
PA structure.

Fig. 2. Structure of the investigated sample: 1 —multilayered PA film, 2 - alu-
minum holder.

From Fig. 4, it can be seen that the transmittance of this PA PhC
exhibits sharp minima in the regions corresponding to the first, second,
and third stop bands located at wavelengths of approximately 1260,
630, and 420 nm, respectively.

3. Discussion of experimental results

Fig. 3a shows that the film under study has pores much smaller than
the wavelengths of incident radiation during transmission measure-
ment. These pores form a two-dimensional (2D) quasi-hexagonal lattice
with an average distance between pores of 150-200 nm. When con-
sidering the scattering of a plane electromagnetic wave by such 2D
structure, it is necessary to consider the formation of plane waves of
different diffraction orders [21,22]. Our estimation gives a possible
wavelength range of 200-300 nm and shorter for the 90° diffraction
inside the PA layer and 150-200 nm range and shorter for the diffrac-
tion outside the layer. These effects may be responsible for lowering the
transmission at short wavelengths. Thus, diffraction effects are not es-
sential in the visible and infrared ranges. Therefore, because the wa-
velength range of 300-2000 nm is studied in this paper, we shall ne-
glect diffraction and consider each layer of this multilayer structure as a
homogeneous medium with the corresponding refractive index n;. Such
a film can be considered as a 1D PhC. The dispersion law for the PhC
was proposed on the basis of the 1D PhC model given in [23]. In this
model, a periodical structure of homogeneous dielectric layers of two
kinds is considered. The dispersion law of electromagnetic waves in a
1D PhC with an infinite number of layers is given by the following
expression:

m m
_+_

1
coskd = coskja; X coskya, — —
2\, m

)sin ka; X sink,a,.

(@]
Here, n; and n, are the refractive indices of the composite layers with
thicknesses of a; and a,, respectively; k; = %nl, k= %-nz; w is the cycle
frequency and k is the wave vector of an electromagnetic wave;
¢ = 3 x 108 m/s is the speed of light in vacuum; and d = a; +a, is the
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lattice constant of the PhC. We assume all the media to be non-magnetic
(1 = 1). The corresponding dispersion curve w(k) derived from (1) is
shown in Fig. 5. There are regions of stop bands at k = 0 (for the second
dispersion branch) and k= k-

The spectral positions of the stop bands of a PhC obey the well-
known Wulff-Bragg’s law:

m-d, = 2d-, ne? — sin?0. (2

Here m = 1,2,3 are the numbers of the corresponding stop bands; 4,, is
the wavelength corresponding to a certain stop band; and 6 is the angle
of incidence of light on the PhC. The value of n.is calculated from the
relation

@, 2 () n2,
a + a

2
ns =
g a+a 3)
where n; and n; are the refractive indices of the corresponding layers.
The width of the stop band with the ordinal number m is connected
with the refractive indices of the layers by the following relation [23]:

A_/l_ 4 .|}’l1—}’12|

A mm om+n @

Several methods of analyzing the optical properties of a finite 1D
PhC were described in [24-31]. We have calculated the transmission
spectra using the transfer matrix method (TMM - [24], Section 1.6). In
each region of a multilayered 1D structure, the electric field ¢; can be
written as follows:

e;= tiexp(ik;x) + riexp(-ikjx), (5)

where t; and r; are the amplitudes of the waves propagating in the in-
cident light direction and in the opposite direction, respectively. In the
general case, if the layers are numbered from left to right, and the light
is incident from the left, these amplitudes in adjacent layers fit the
following relation:

(&, )= Mj(t.1, 17.1), (6)

where t; and r; are the wave amplitudes after the j-th layer, t.; and r;.;
are the wave amplitudes before the j-th layer, and M; is the so-called
transfer matrix of the j-th layer. In the case of a homogeneous layer
with a refractive index n; and thickness aj, the coefficients of such 2 x 2
matrix can be written in the form

COS(kol’ljaj) - ﬁ Sin(konjaj)

M — i-nsin(kon;a;)  cos(konja;) ’ 7)
where k, is the wave vector of the incident light in vacuum (ko = 25t/
A); all media are assumed to be non-magnetic (1 = 1), and the angle
between the wave vector and the X-axis of the structure is assumed to
be zero.

To derive the wave amplitudes for a structure composed of j layers,
one can successively apply the following matrix relation (6):

@, ) =M;*Mj.1*...* My (to, o) (8)
If we consider a periodical 1-2-1-2-...1-2 structure with an even

number of layers j = 25, so that M; = M3= ...=Mpy; and My= M,=

...=M,, then

t, )= (Mz*M1)(to, ro) =M (to, 7o), 9

(to, r)=M"" (5; 1), (10)

where M is the transfer matrix of the whole structure and M~ is the
inverse transfer matrix.

Starting with t; = 1, r; = 0 (corresponding to the waves that have
passed through the layered structure from the left to the right half-
space, where only the transmitted component exists) from (10), one can
find the amplitudes ty, ro of the waves incident on and reflected from
the structure in the left half-space. Then, the amplitude transmission of
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Fig. 3. SEM images of surface (a) and slice (b) of one-dimensional PhC based on PA; lattice constant of PhC is d = 460 + 10nm. A photograph of investigated

sample is shown in the inset.
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Fig. 4. A transmission spectrum of the PA PhC sample.
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Fig. 5. Dispersion curves w(k) for electromagnetic waves propagating in 1D
PhC.

the multilayered structure t = t;/t, and intensity transmission T(A) can
be calculated for each given A as follows:

2
b
to

T=

(1)

In our case, we approximated PA PhC by a periodical structure
comprising two homogeneous layers with thicknesses a; and a, and
refractive indices n; and np, respectively. We assume that the lattice
constant of the PhC is d = a; +a, = 460nm (Fig. 3), the number of
layers j = 88. From relation (2) and the position of the first stop band
(A = 1260nm) in Fig. 4, we derived the value of the effective

refractive index of the PhC n,s = 1.37. Considering relations (3) and (4)
and the spectral width (AA = 80 nm) of the first stop band (see Fig. 4),
we derived the values of the refractive indices n; and n, of the layers to
be n; = 1.43 and n, = 1.30. These parameters were used in relations
(6-11) for calculating the transmission spectra by the TMM. We started
from a; =a, = 230 nm, and the best fit with experimental spectrum was
obtained at a; = 260 nm and a, = 200 nm.

The experimental (solid line) and theoretical (dashed line) trans-
mission spectra of the investigated sample are shown in Fig. 6. As can
be seen from this figure, the recorded transmission spectrum (solid line
in Fig. 6) is close to the calculated one (dashed line). Visible oscillations
appearing on the theoretical curve are due to the interference of the
waves reflected from different layers. The observed differences between
the recorded and calculated values result from slight variations of the
thickness and refractive index of the layers in the analyzed PhC film.
These variations may be responsible for the damping of fast oscillations
in the registered transmission curve.

We propose a narrow-band filter based on a filled PhC, which pro-
vides selective reflection of laser radiation at a given wavelength. The
required change in the characteristics of a porous 1D PhC can be
achieved by introducing other substances into the voids of such crystal.
In this case, the effective refractive index is varied. In accordance with
the Wulff-Bragg’s law (2), this leads to a change in the spectral position
of the stop bands and their spectral widths. For example, lithium iodate
(LiIO3) may be introduced into the voids of the PA. This substance is
highly soluble in water. Thus, it is possible to fill the PA PhC with the
corresponding aqueous solution and then evaporate the liquid.

The refractive index of lithium iodate is n; = 1.90. Filling PA with
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Fig. 6. Comparison between experimental (solid line) and theoretical (dashed
line) transmission spectra of investigated PA PhC.
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Fig. 7. Transmission spectra of 1D PA PhC filled with LilIO3 (y = 0.24, curves 1) and without filling (5 = 0, curves 2) at 300-1600 nm (a) and 300-500 nm (b) spectral
ranges. The arrow in Fig. 7b indicates the position of the laser line to be filtered (A, = 445 nm).
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Fig. 8. Schematic diagram of experimental setup for observing low-threshold
stimulated Raman scattering; 1-YAG:Nd®>™" laser (operating at 0.532um), 2-
lenses, 3-PhC filled with Raman active media, 4-minispectrometer, 5-computer.
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lithium iodate provides the following value of the refractive index of
each layer:

= (U= 8)n? + &1 = nyng + §m-n 2)

Here, §; (j = 1,2) is the porosity of PA (its value depends on etching
conditions), n, = 1.76 is the refractive index of bulk alumina, np = 1 is
the refractive index of the air, and

n is the factor of PA filling with LiIOs. The filling factors required for
the film under study are n = 0.02 for the second stop band to match
Am = 633nm and 5 =0.24 for the third stop band to match
Am = 445 nm. The shift of the transmission curve of the 1D PA PhC at
n = 0.24 needed for filtering the laser line of 445nm is illustrated in
Fig. 7(a,b). In addition, the fine tuning of the reflection band of a PhC is

I, arb. un. 0 b
60000 -| I
40000 -
20000 992 1984
L A
0 T T T T T T T
41000 -500 0 500 1000 1500 2000
. -1
Raman shift, cm
I, arb. un. d
60000 |
40000 992
20000 |
05 ; . ; . ; :
41000 -500 0 500 1000 1500 2000

Raman shift, cm’

Fig. 9. Spectra of SRS in porous PhC filled with benzene excited by 532 nm YAG:Nd®* pulsed laser at angles of incidence of 20° (a), 30° (b), 40° (¢), and 50° (d). The

pump intensity was 0.12 GW/cm?.



V.S. Gorelik et al.

achieved when it is rotated by a certain angle 6 in accordance with the
Wulff-Bragg’s law.

The experiments with porous PhCs infiltrated by molecular liquids
indicate that the threshold of stimulated Raman scattering in porous
PhC is significantly lower than that in homogeneous Raman-active
materials when the frequency of pump radiation fits the spectral region
of the stop band (the experimental setup is shown in Fig. 8). The group
velocity of exciting light waves inside the PhC decreases to very low
values at a certain angle 6, according to (2), when the frequency of the
exciting light is close to the edge of the photonic band gap. This, in turn,
leads to a sharp increase in the photonic density of states and re-
markable enhancement of spontaneous Raman scattering cross-section
for the substance embedded into the voids of porous PhC.

We have observed such a sharp increase in the Raman intensity in
PhCs filled with benzene and carbon disulfide [32] at certain angles of
incidence. When the pores of a PhC were filled with an active medium
for stimulated Raman scattering (SRS), low-threshold SRS was ob-
served. SRS was excited by the second optical harmonics (532 nm, 7 mJ
in each laser pulse with a 10 ns duration and 10 Hz repetition rate) of
YAG: Nd®* laser, collimated on the sample by the lens. SRS radiation
was registered in a wide range by the “Ocean Optics” minispectrometer.
SRS spectra in PhC filled with benzene registered at various angles of
incidence are presented in Fig. 9 (the pump intensity was 0.12 GW/
cm?).

The first Stokes component in SRS spectra appeared at 0.09 GW/cm?
in PhC with benzene and 0.07 GW/cm? in PhC with carbon disulfide.
For comparison, when carbon disulfide was used as the active medium
at a pump intensity of 70 MW/cm?, the first Stokes component of sti-
mulated Raman forward scattering appeared in a spectrum of the ra-
diation that passed a 10 cm long cuvette. The SRS gain raised by more
than an order of magnitude at a certain angle 6 of the PhC (40° for
benzene and 60° for carbon disulfide), and additional Stokes and anti-
Stokes Raman satellites appeared in the spectrum. This is explained by
the large increase in the photonic density of states in the case when the
frequency of the exciting light or SRS radiation is close to the edge of
the corresponding stop band [28].

4. Conclusion

Thus, the transmission spectrum of the 1D PA PhCs with a lattice
constant of d = 460 nm produced by the electrochemical etching of an
aluminum plate was studied. The spectral positions of the first three
stop bands of this PA PhC were determined. The experimental and
theoretical data obtained for the transmission spectra were compared.
A satisfactory agreement between theory and experiment was demon-
strated. Changes in the PhC parameters (the lattice constant and the
amount of substance introduced into the pores of the PhC) affect the
spectral position and width of the stop bands. By using the investigated
PA PhC, narrow-band filters promising for the recording of Raman
spectra can be developed. In this case, the fine tuning of the reflection
band of a PhC is achieved when it is rotated by a certain angle 6 in
accordance with the Wulff-Bragg’s law. Embedding a Raman-active
medium into the voids of the discussed porous PhC should provide an
essential increase of spontaneous Raman scattering signal and low-
threshold stimulated Raman scattering, and the amount of substance
needed for recording Raman spectra may be substantially decreased.
Thus, PA PhCs filled with Raman-active medium may be used as ef-
fective molecular compound sensors.
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